Cathepsin D-deficient (CDϪ/Ϫ) mice have been shown to manifest seizures and become blind near the terminal stage [approximately postnatal day (P) 26]. We therefore examined the morphological, immunocytochemical, and biochemical features of CNS tissues of these mice. By electron microscopy, autophagosome/ autolysosome-like bodies containing part of the cytoplasm, granular osmiophilic deposits, and fingerprint profiles were demonstrated in the neuronal perikarya of CDϪ/Ϫ mouse brains after P20. Autophagosomes and granular osmiophilic deposits were detected in neurons at P0 but were few in number, whereas they increased in the neuronal perikarya within days after birth. Some large-sized neurons having autophagosome/autolysosome-like bodies in the perikarya appeared in the CNS tissues, especially in the thalamic region and the cerebral cortex, at P17. These lysosomal bodies occupied the perikarya of almost all neurons in CDϪ/Ϫ mouse brains obtained from P23 until the terminal stage. Because these neurons exhibited autofluorescence, it was considered that ceroid lipofuscin may accumulate in lysosomal structures of CDϪ/Ϫ neurons. Subunit c of mitochondrial ATP synthase was found to accumulate in the lysosomes of neurons, although the activity of tripeptidyl peptidase-I significantly increased in the brain. Moreover, neurons near the terminal stage were often shrunken and possessed irregular nuclei through which small dense chromatin masses were scattered. These results suggest that the CNS neurons in CDϪ/Ϫ mice show a new form of lysosomal accumulation disease with a phenotype resembling neuronal ceroid lipofuscinosis.
Cathepsin D (CD) (EC 3.4.23.5 ) is a representative aspartic proteinase in lysosomes and is widely distributed in various tissue cells of mammals (Barrett and Kirsche, 1981) . The expression level of CD varies depending on the tissue, whereas neurons in CNS tissues possess abundant CD (Whitaker and Rhodes, 1983; Reid et al., 1986) . It has been suggested that CD participates in various biological events such as the degradation of various brain-specific antigens, aging, and certain pathological situations in brain tissues (Banay-Schwartz et al., 1987; Matus and Green, 1987; Nakanishi et al., 1994 Nakanishi et al., , 1997 Cataldo et al., 1995) . However, the physiological significance of CD has remained unknown, not only in the case of CNS but also in peripheral tissues. Through the generation of CD-deficient (CDϪ/Ϫ) mice, it has recently been shown that CD is involved in limited proteolysis rather than bulk proteolysis (Saftig et al., 1995) . The CD-deficient mice are born normally but die at postnatal day (P) 26 Ϯ 1 because of massive intestinal necrosis, thromboembolia, and lymphopenia.
Different from cathepsin D and other lysosomal proteinases detected in the CNS tissues, the only proteinase that shows substrate specificity is tripeptidyl peptidase-I (TPP-I); its deficiency has been demonstrated to cause one type of neuronal ceroid lipofuscinoses (NCLs). NCLs are a closely related group of recessively inherited neurodegenerative diseases (Carpenter, 1988; Rider and Rider, 1988; Rider et al., 1992) . They are characterized pathologically by massive lysosomal storage with an autofluorescent lipopigment in neurons and a wide variety of extraneuronal cells that show characteristic ultrastructural appearances (Berkovic et al., 1988; Boustany et al., 1988; Wisniewski et al., 1988) . Biochemical analysis of the storage bodies has shown that the major stored component is protein (Palmer et al., 1986) . In many types of NCLs except for the infantile form of NCL, subunit c of the mitochondrial F1F0ATPase is stored in the cells (Palmer et al., 1989; Fearnley et al., 1990; Hall et al., 1991; Kominami et al., 1992) .
During the course of our studies on morphological as well as functional changes in CNS tissues of CDϪ/Ϫ mice, we first noticed that the mice show neurological phenotypes with seizures near the terminal stage. In the present study, we therefore examined the morphological, immunocytochemical, and biochemical features of CNS tissues in CDϪ/Ϫ mice. The most striking feature found in the CNS neurons was the storage of autophagosome/autolysosomelike bodies with part of the cytoplasm, granular osmiophilic deposits, and fingerprint profiles; they emitted autofluorescence and were immunopositive for cathepsin B and subunit c of mitochondrial F1F0ATPase, indicating that they contained ceroid lipofuscin. These bodies appeared at P1 but were very small in number, whereas they largely accumulated in the neuronal perikarya after P20, suggesting that CD plays an important role in the lysosomal proteolysis in CNS tissues. Moreover, the CNS neurons in the CDϪ/Ϫ mice show a new form of lysosomal accumulation disease similar to a certain type of NCL.
MATERIALS AND METHODS Animals
The heterozygous (ϩ/Ϫ) mice (Saftig et al., 1995) were transferred to the Institute of E xperimental Animal Sciences (Osaka University Graduate School of Medicine) and kept in conventional facilities. Selection of CDϪ/Ϫ mice from littermates obtained by heterozygous coupling was performed according to the method of Saftig et al. (1996) in which template genomic DNA isolated from tail biopsies was examined by cathepsin D -exon 4-specific PCR with primers of MCD14 (5Ј-AGA-C TAACAGGCC TGTTCCC -3Ј) and MCD15 (5Ј-TCAGC TGTAGTTGC -TCACATG-3Ј). Heterozygous mice used as control animals in the present study showed no pathological phenotypes when examined by histological, immunocytochemical, and biochemical methods.
Antisera
Rabbit antibodies against rat cathepsins B and L, cathepsin D, and subunits ␤ and c of mitochondrial F1F0ATPase were produced and purified by affinity chromatography, as reported previously (Kominami et al., 1984 (Kominami et al., , 1985 (Kominami et al., , 1992 Bando et al., 1986; Ohsawa et al., 1993) . Rabbit antibodies against the C -terminal fragment of human TPP-I (Ezaki et al., 1999) was used for the detection of mouse TPP-I.
Morphological analysis
Sampling. CDϪ/Ϫ and CDϩ/Ϫ littermates at P1, P7, P8, P14, P17, P23, P24, P25, and P26 were deeply anesthetized with pentobarbital (25 mg / kg, i.p.) and fixed by cardiac perf usion using 2% paraformaldehyde -2% glutaraldehyde buffered with 0.1 M phosphate buffer (PB), pH 7.2, for ordinal electron microscopy (n ϭ 3 for each), using 4% paraformaldehyde buffered with PB containing 4% sucrose for light microscopic immunohistochemistry (n ϭ 3 for each) and using 4% paraformaldehyde and 0.1% glutaraldehyde buffered with PB for immunoelectron microscopy (n ϭ 3 for each). For electron microscopy brains, spinal cord and retinal samples were excised from the mice, cut into small pieces, and f urther immersed in the same fixative at 4°C overnight. After they were washed thoroughly with the same buffer containing 7.5% sucrose, samples were post-fixed with 1% OsO 4 in the same buffer containing 7.5% sucrose, at 4°C for 2 hr, and the C NS tissue was block-stained with a 2% aqueous solution of uranyl acetate for 1 hr. The tissues then were dehydrated with a graded series of ethanol and embedded in Epon 812.
For light microscopic immunohistochemistry, brain and various peripheral (body) tissues were quickly removed from the mice and f urther immersed in the same fixative for 2 hr. The samples from each mouse were processed for paraffin embedding, cut at 5 m with a microtome, and placed on silan-coated glass slides.
For electron microscopic immunocytochemistry, the brain tissue was quickly excised from the mice, and cerebral cortical, hippocampal, thalamic, and cerebellar cortical regions were separated from each brain, cut into small pieces, and f urther immersed in 4% paraformaldehyde for 2 hr. After they were washed thoroughly with PB, each sample was immersed in 2.3 M sucrose with 20% poly vinyl pyrrhoridon and then frozen with liquid nitrogen, as described elsewhere .
Ordinal electron microscopy. For light microscopic observations, semithin sections were cut at 1 m with an ultramicrotome (Reichert Ultracut, Nissei, Japan) and stained with toluidine blue. For electron microscopy, silver sections were cut with the ultramicrotome, stained with lead citrate and uranyl acetate, and observed with a Hitachi H-7100 electron microscope.
Detection of autofluorescence. To observe the autofluorescence of lipof uscin granules, deparaffinized sections from each sample were directly viewed with a confocal laser scanning microscope (L SM-GB 200, Olympus, Tokyo, Japan).
Immunohistochemistr y for light microscopy. Deparaffinized sections from each sample were immunostained according to the method of Nitatori et al. (1995) . Briefly, the samples were treated with 0.3% H 2 O 2 in methanol for 30 min and incubated with 2% normal goat serum for 20 min at room temperature. After this, they were incubated at 4°C with the following first polyclonal antibodies for 1-3 d: anti-cathepsin B (2 g /ml), anti-cathepsin L (2 g /ml), anti-cathepsin D (10 g /ml), anti-subunit c (10 g /ml), and anti-subunit ␤ (10 g /ml). Further incubations were performed with biotinylated goat anti-rabbit IgG for polyclonal antibodies, and peroxidaseconjugated streptavidin (Vectastain ABC K it, Vector Laboratories, Burlingame, CA) for 1 hr at room temperature. After each step, sections were rinsed thoroughly in 0.1 M phosphate buffered 0.5 M saline (PBS), pH 7.2, containing 0.1% T ween 20 (Sigma, St. L ouis, MO). Staining for peroxidase was performed using 0.0125% 3, 3Ј-diaminobenzidine tetrahydrochloride and 0.002% H 2 O 2 in 0.05 M Tris-HC l buffer, pH 7.6, for 10 min.
Immunoelectron microscopy. Ultrathin sections were cut with a microtome using a cryo-attachment (OmU4, Reichert, Vienna, Austria) and mounted on Formvar carbon-coated nickel grids. The sections were rinsed with PBS, treated with 1% bovine serum albumin (BSA) in PBS, and incubated overnight with anti-cathepsin B (2 g /ml) or anti-subunit c (10 g /ml) in PBS and for 1 hr with anti-goat IgG conjugated with 5, 10, or 15 nm colloidal gold particles. For double immunostaining, cryothin sections processed for first labeling were treated with 1% glutaraldehyde in PBS for 10 min, 0.01 M glycine in PBS, and then rinsed in 1% BSA in PBS. They were then processed for second labeling. Immunostained sections were again fixed with 2% glutaraldehyde in PBS and stained with 1% uranyl acetate. To distinguish gold labeling, 5 and 15 nm colloidal gold particles were used, respectively. After the immunoreactions, the sections were embedded in 2% methyl cellulose containing 0.4% uranyl acetate and observed with a Hitachi H-7100 electron microscope.
For control experiments, deparaffinized and ultrathin sections were incubated with the nonimmunized rabbit serum diluted to 1:1000, followed by respective second antibodies. Some sections were directly incubated with the second antibodies without pretreatments with the first antibodies.
Electrophysiological analysis using a hippocampal slice system
Hippocampal slices were prepared by the method reported previously (Nakanishi et al., 1996) . Briefly, CDϪ/Ϫ mice and control littermates at P11, P18, and P23 were decapitated under light ether anesthesia, and the brains were rapidly removed and placed in an ice-cold oxygenated Krebs' Ringer's solution of the following composition (in mM): NaC l 124.0, KC l 5.0, K H 2 PO 4 1.24, NaHC O 3 26.0, C aC l 2 2.4, MgSO 4 1.3, and glucose 10. Transverse hippocampal slices with a thickness of 400 m were cut with a Vibratome (Vibroslice 752M, C ampden Instruments). A single hippocampal slice was placed in an interface-type recording chamber at a constant bath temperature of 36°C. E xtracellular field potentials were recorded using glass electrodes filled with the perf usate and placed on the stratum pyramidale of the CA1 or the CA3 regions. Electrical responses were stored with a videocassette recorder using a PC M converting system (Stimulating Digital Data Recorder V R-10B, Instrutech Corporation) and plotted on an X-Y plotter.
Enzyme assay
Brain samples were obtained from CDϪ/Ϫ mice and their littermate controls at P17, P21, and P23 after the mice were anesthetized with pentobarbital and were independently homogenized with a Politoron homogenizer in a lysate buffer consisting of 0.05 M Tris-HC l, pH 7.5, 0.15 M NaC l, and 1% Triton X-100 for 30 min on ice. For the measurement of cathepsins B and L activities, the lysates were then diluted with a standard buffer consisting of 0.4 M sodium acetate buffer, pH 5.5, containing 4 mM EDTA. After centrif ugation at 1250 ϫ g for 20 min, the activities of cathepsins B and L in each sample extract were assayed using Z-Arg-Arg-MCA and Z-Phe-Arg-MCA (Peptide Research Foundation, Osaka, Japan), respectively, as substrates, according to the methods of Barrett and K irsche (1981) . Z-Phe-Arg-MCA used for the assay of cathepsin L is also susceptible to cathepsin B. To measure the specific activity of cathepsin L, a selective inhibitor of cathepsin B, CA074, was applied to the assay system of cathepsin L Towatari et al., 1991) . We also measured the activity of TPP-I in the brain extracts of both CDϪ/Ϫ and control littermate mice at P23. For this, fluorometric assay of TPP-I using Ala-Ala-Phe-MCA as a substrate was performed as described previously (Page et al., 1993) .
Western blotting analysis
Anesthetized CDϪ/Ϫ and CDϩ/Ϫ littermates were decapitated at P17 and P23, and brain, liver, heart, and kidney samples from each mouse were independently homogenized in 2 ml of 0.05 M Tris-buffered 0.15 M saline containing 1% Triton X-100 and a protease inhibitor mixture (Boehringer Mannheim, Indianapolis, I N) using a Politron homogenizer at 80% of the maximal speed. After being centrif uged twice at 10,500 ϫ g for 10 min at 4°C, the supernatants were measured for protein concentrations using the BCA protein assay system (Pierce, IL), and immunoblotting was performed. For the detection of subunit c, each sample was separated by tricine SDS-PAGE (Schägger and von Jagow, 1987) in 16.5% (w/ v) acrylamide, whereas other proteins were analyzed by 10% SDS-PAGE. Electrophoretic transfer of proteins from polyacrylamide gels to a poly vinyli- Figure 1 . Extracellular recordings obtained from the CA1 and CA3 regions of hippocampal slices obtained from a cathepsin D-deficient mouse at P18. intact, Control recordings; a, recordings after cutting the connection between the CA1 and the CA3 subfields; aϩb, recordings after an additional cutting of the connection between the CA1 and the dentate gyrus (DG). In situations of a and aϩb, spontaneous burst discharges were detected in the CA3 region.
dene difluoride membrane (Immobilon-P, Millipore, Tokyo, Japan) was performed according to the method of Towbin et al. (1979) . The sheets were soaked in PBS containing 5% BSA (Sigma) to block nonspecific binding and then incubated with antisera. Immunodetection was performed with a chemiluminescent ECL kit (Amersham, Arlington Heights, IL) according to the manufacturer's recommended protocol. Protein levels were determined by scanning densitometry.
RESULTS

Neurological manifestations
CDϪ/Ϫ mice usually grow normally for up to 2 weeks of age and then cease to grow and die at P26 Ϯ 1 as the result of intestinal necrosis and a reduced feeding behavior (Saftig et al., 1995) . However, in our study, they sometimes died without showing any necrotic changes in the small intestine. In any case, the mice began to manifest repetitive seizures from approximately P20; they began to tremble and move on their tiptoes with a stiff tail. In some cases they suffered from severe tonic seizures and died as a result of respiratory arrest. Moreover, the eyelids of the CDϪ/Ϫ mice were found to be almost closed near the terminal stage. We therefore examined the issue of whether these mice were blind on P23, using a box that contained light and dark regions separated by a dark curtain. As far as could be determined, all 15 CDϪ/Ϫ mice that had been placed in the light region did not move into the dark region, whereas all of the control littermate mice moved into the dark region. This suggests that the CDϪ/Ϫ mice were unable to react to the light because they were blind. When the CNSs of the knockout mice were compared with the littermate controls on P23, the brains appeared to be similar in size. The arrow indicates a body with part of the cytoplasm, which is encircled by doublelayered membranes resembling the endoplasmic reticulum. D, A fingerprint profile appears in the neuronal perikaryon of a Purkinje cell ( D) . E, Neuronal cell bodies in the CA3 region of the hippocampus obtained from a cathepsin D-deficient mouse brain at P25. The neuronal cell perikarya are completely filled with membranebounded compartments having dense amorphous materials, part of the cytoplasm, and fingerprint-like myelin figures (MF ). A neuronal cell is seen, possessing a shrunken nucleus with small chromatin masses dispersed in the karyoplasm and is encircled with cytoplasmic processes (arrowheads) of a microglial cell ( M ). F, G, Appearance of dense granular deposits in the perikarya of CA3 pyramidal neurons in the hippocampus obtained from cathepsin D-deficient mice at P1 ( F) and P17 ( G). The dense granular bodies (arrows) appear in the neuronal perikarya at P1 but are fewer in number, whereas they increase in number at P17. The matrix of the bodies is similar to those seen after P20 ( C), except for fingerprint-like figures, which are rarely detectable at P1. N, Nucleus. 
Electrophysiological analysis of hippocampal slices
To examine repetitive seizures from approximately P20, electrophysiological analysis of hippocampal neurons was performed using slices. In hippocampal slices prepared from CDϪ/Ϫ mice after P18, spontaneous burst discharges consisting of 4 -15 population spikes superimposed on a prolonged positive deflection (60 -150 msec) were recorded from the stratum pyramidale of both the CA1 and the CA3 regions (Fig. 1) . These spontaneous burst discharges recorded from the regions were well synchronized, indicating the epileptiform nature of the bursting. The mean frequency of spontaneous burst discharges recorded from hippocampal slices obtained from CDϪ/Ϫ mice at P18 and P23 was 0.15 Hz (n ϭ 3) and 0.25 Hz (n ϭ 2), respectively. On the other hand, no spontaneous activity was recorded from hippocampal slices obtained from control littermates even at P23 (data not shown).
When a surgical cut was performed between the CA1 and CA3 sectors, spontaneous burst discharges in the CA3 sector were unaffected, but those in the CA1 sector were abolished (Fig. 1, a) , indicating that spontaneous burst discharges in the CA1 region were driven by burstings in the CA3 region. Burst discharges in the CA3 region still remained after an additional cut was made between the CA3 region and the dentate gyrus (Fig. 1, aϩb) .
Accumulation of autophagosomes/autolysosomes in neurons
In semithin sections, large neurons in various CNS regions such as the cerebral cortex, cerebellar cortex, and spinal anterior horn, and in the retina at P23, possessed numerous inclusions in their perikarya (data not shown). We therefore examined large neurons in various CNS regions by electron microscopy. Different from neurons in the littermate control brains at the corresponding stages (Fig. 2 A) , neurons in CDϪ/Ϫ mouse brains after P20 possessed numerous granular structures, which varied in size, content, and electron density, in the perikarya (Fig. 2 B, C) . In particular, near the terminal stage (P23-P26) the neurons were completely filled with these granules; they were encircled by the limiting membrane, containing part of the cytoplasm and granular osmiophilic deposits (Fig. 2 B, C) . Some of these structures were surrounded by doublelayered membranes resembling the endoplasmic reticulum, indicating that they were autophagosomes or autolysosomes. Fingerprint profiles also appeared in neuronal cell bodies (Fig. 2 D) and retinal pigment cells (data not shown). Most neurons having such autophagosome/autolysosome-like bodies had large nuclei with one or two nucleoli. However, neurons that were shrunken and possessed irregularly shaped nuclei with small dense chromatin dis- persed in the nucleoplasm appeared in the pyramidal layers of the cerebral cortex and the CA3 region of the hippocampus and the thalamic region at the terminal stage (Fig. 2 E) . These cells were often encircled by cytoplasmic processes of microglia-like cells.
We next determined when these autophagosome/autolysosomelike bodies appear in the neurons of the cerebral cortex and hippocampus in CDϪ/Ϫ mice. Autophagic bodies possessing part of the cytoplasm and dense granular deposits were discernible in neurons even at P1 but were very small in number (Fig. 2 F) . At P7 and P14, these autophagosome/autolysosome-like bodies increased in number in the neuronal perikarya, compared with those at P1. Until P14, the organization of the cytoplasmic organelles and nuclei in neuronal cell bodies appeared intact, although the cells possessed certain numbers of autophagosome/autolysosome-like bodies. These bodies further increased in number and were scattered throughout the neuronal perikarya at P17, although their number was still smaller than that appearing in nerve cells after P20 (Fig. 2G) . Autophagosome/autolysosome-like bodies with fingerprint-like figures appeared to be small in number in neurons until P17.
Lysosomal accumulation of subunit c of mitochondrial F1F0ATPase
In addition to characteristic morphological features of lysosomelike structures, such as the presence of part of the cytoplasm, granular osmiophilic deposits, and fingerprint profiles in neuronal cell bodies, we confirmed that these neurons emitted autofluorescence especially from P17 (data not shown). Because these data are consistent with the lysosome-like bodies containing ceroid lipofuscin, we further examined whether subunit c of mitochondrial F1F0ATPase is present in these lysosomal structures. No immunoreactivity for subunit c was detected in any of the brain sections obtained from the control littermates examined (Fig. 3A) . On the contrary, dotted immunoreactivity for subunit c was already detectable in neuronal cell bodies located in limited areas of CDϪ/Ϫ mouse brains at P1 but appeared very small in number. The immunoreactivity for subunit c became distinct in neurons 2 weeks after birth, and immunodeposits were abundantly seen as coarse granules after P20, especially at P23 (Fig. 3B) . In the retina of CDϪ/Ϫ mice, subunit c-immunopositive granules were distinct in the outer and inner granular and ganglion cell layers (Fig. 3C,D) . Moreover, the retinal layers of CDϪ/Ϫ mice became thinner than those of the control littermates; particularly, the cone and rod layer was almost abolished, and the outer granular layer became much thinner (Fig. 3C,D) .
To examine whether the accumulation of subunit c occurs in peripheral tissues, immunohistochemistry was applied to liver, kidney, and cardiac tissues. Positive staining of subunit c was intensely detected in the liver; the immunodeposits were largegranular in Kupffer cells, whereas they were fine-granular in hepatocytes (Fig. 3E) . Subunit c-immunopositive granules were also seen in epithelial cells of renal tubules and cardiac muscular cells (Fig. 3 F, G) . These results indicate that the accumulation of subunit c occurs systemically in CNS tissues as well as in peripheral body tissues.
Similar to the immunoreactivity for subunit c, that for subunit ␤ of mitochondrial ATP synthase was not usually detectable throughout the CNS tissues of the control mice (data not shown). However, immunodeposits for subunit ␤ appeared in neuronal cell bodies of CDϪ/Ϫ mouse brains at P23, but they were fewer in number and much finer than the subunit c-immunopositive structures (Fig. 3H ) .
Because subunit c was immunohistochemically detected as coarse granules in the neuronal perikarya of CDϪ/Ϫ mouse brains, we further examined its association with lysosomes using light and electron microscopic immunocytochemistry. As shown in Figure 4 , A and B, the distribution pattern of cathepsin B, a lysosomal cysteine proteinase, was similar to that of subunit c in neuronal cell bodies of CDϪ/Ϫ mouse brains after P20, especially at P26, and its immunoreactivity was more intense in neurons of CDϪ/Ϫ mouse brains than in those of the controls. However, when lysosomes were immunostained for cathepsin L, which is also a lysosomal cysteine proteinase, its immunoreactivity did not differ between neurons of the CDϪ/Ϫ and control mouse brains, although it was coarse, similar to that of subunit c in neurons of CDϪ/Ϫ mouse brains (Fig.  4C,D) .
Moreover, because the accumulation of lysosomal bodies in CNS and peripheral tissue cells rapidly proceeded after P17, we also examined whether the lysosomal distribution of CD varies in CNS neurons and liver cells of control CDϩ/Ϫ mice before and after P17. Immunodeposits for cathepsin D were fine-granular and densely distributed in the neurons of the hippocampus and in hepatocytes of the CDϩ/Ϫ mice at P1, P8, P14, P17, P24, and P26, whereas distribution patterns of the immunoreactivity did not differ in these tissue between P8 and P24, respectively (Fig. 4 E-H ) .
To reveal the subcellular localization of subunit c in large neurons of the cerebral cortex from CDϪ/Ϫ and control littermate mice at P23, immunoelectron microscopy using the cryothin section immunogold method was applied to the tissues. Immunogold par- ticles indicating cathepsin B labeled membrane-bound lysosomes with an electron-lucent matrix in the neuronal perikarya of controls (Fig. 5A) . In CDϪ/Ϫ mouse neuronal cell bodies, the labeling was also associated with irregularly shaped and membrane-bound structures containing electron-dense materials (Fig. 5D) , characterizing them as lysosomes. In the neurons of controls, subunit c was detectable by immunogold labeling in the mitochondrial inner membrane (Fig. 5B) . In neurons from CDϪ/Ϫ mice, the labeling for subunit c was also associated with membrane-bound structures containing electron-dense materials (Fig. 5E) . By double staining, the structures with dense materials in CDϪ/Ϫ mouse neurons at P23 were colabeled with immunogold particles showing both cathepsin B and subunit c (Fig. 5F ), demonstrating the lysosomal accumulation of subunit c. In the littermate controls, subunit c was only detected in the inner membrane of mitochondria, and cathepsin B was detected in the electron-lucent lysosomes (Fig. 5C ).
Biochemical analyses of lysosomal proteinases and storage proteins
To confirm immunohistochemical and cytochemical results, we measured proteolytic activities of lysosomal cathepsins B and L and concentrations of lysosomal and mitochondrial proteins in extracts from CDϪ/Ϫ and CDϩ/Ϫ mouse brains. The proteolytic activity of cathepsin B was increased in the brain extracts of CDϪ/Ϫ mice at P23, compared with that in control littermates, although the difference in the activity was small and not significant at P17 and P21 between the two groups (Fig. 6 A) . Different from cathepsin B, the proteolytic activity of cathepsin L showed no changes in the brain extracts obtained from control and CDϪ/Ϫ mice at P17, P21, and P23, respectively (Fig. 6 A) . Corresponding to the changes in proteolytic activity of cathepsin B, the frequency of cathepsin B polypeptides was similar in brain extracts obtained from control and CDϪ/Ϫ mice at P17, whereas it was clearly increased in CDϪ/Ϫ mice at P23 (Fig. 6 B, C) . The frequency of cathepsin L polypeptides in CDϪ/Ϫ mice and control littermates on P17 and P23 was comparable (Fig. 6 B, C) . Subunit c was clearly more concentrated in the extracts from CDϪ/Ϫ mouse brains at P23, but a moderate increase was already evident at P17 (Fig. 6 B, C) . Different from immunocytochemistry, no increase of subunit ␤ was detectable in the brain extracts from CDϪ/Ϫ mice at P17 and P23 (Fig. 6 B, C) . Because subunit c accumulated in lysosomes of CDϪ/Ϫ neurons, we examined the issue of whether the activity of TPP-I, which cleaves the N-terminal portion of subunit c, is suppressed in extracts from CDϪ/Ϫ mouse brains at P23. As shown in Figure 6 D, the activity of TPP-I was significantly higher in CDϪ/Ϫ than in control brains. Its protein level in the CDϪ/Ϫ brains was also increased, compared with that in the control brains (Fig.  6 E, F ) .
Because immunodeposits for subunit c were positive in liver, kidney, and heart tissues of CDϪ/Ϫ mice, we also examined differences in the amounts of subunit c in these tissue extracts by immunoblotting. Concentrations of subunit c were distinctly elevated in extracts of these tissues obtained from CDϪ/Ϫ mice at P23, compared with those from control littermate mice (Fig.  6G,H ) .
DISCUSSION
The present morphological and immunochemical studies on CNS tissues of CDϪ/Ϫ mice obtained after P20 demonstrated that the mice manifested seizures with trembling and stiff tails and blindness, that the large neuronal cell bodies in various CNS regions including the retina accumulated autophagosomes/autolysosomes or ceroid lipofuscin granules containing part of the cytoplasm, granular osmiophilic deposits, and fingerprint profiles, that neuronal cell bodies were immunopositive for subunit c of mitochondrial F1F0ATPase, and that protein levels of subunit c were clearly increased, whereas the activity and protein levels of TPP-I were augmented. The accumulation of subunit c was also detected in peripheral tissues such as the liver, kidney, and heart. The present electron microscopic study revealed that the accumulation of membrane-bound compartments containing part of the cytoplasm, granular osmiophilic deposits, and fingerprint profiles occurs in the perikarya of most neurons in CDϪ/Ϫ mouse brains near the terminal stage. Double-layered membranes resembling the endoplasmic reticulum occasionally encircled part of the cytoplasm in the perikarya of neuronal cell bodies, indicating that they are in the process of sequestration by macroautophagy (Holtzman, 1989) . Moreover, they emitted autofluorescence and were immunopositive for cathepsin B and subunit c. These features indicate that the granular structures accumulating in neuronal cell bodies of CDϪ/Ϫ mouse brains are autophagosomes/autolysosomes containing ceroid lipofuscin.
The accumulation of ceroid lipofuscin granules in neurons is seen in a spectrum of diseases and during aging (Elleder et al., 1997; Nakanishi et al., 1997) and can be pharmacologically induced by intraventricular application of leupeptin, an inhibitor of lysosomal cysteine proteinases, or of chloroquine, an acidotropic agent that accumulates in lysosomes and blocks protein degradation (Ivy et al., 1984; Ivy, 1992) . The morphological features of ceroid Gold labeling is clearly localized to electron-lucent lysosomes in the control ( A), whereas it is detected in membrane-bound compartments with electrondense materials in a deficient mouse ( D) . B, E, Subunit c. Gold particles label only the mitochondrial inner membrane in the control mouse ( B), whereas they are associated with both the inner membrane of intact mitochondria and the membrane-bound compartments with dense materials in the knockout mouse ( E). C, F, Double immunostaining of cathepsin B (gold particles, 5 nm in diameter) and subunit c (gold particles, 15 nm in diameter). In the control, small gold particles for cathepsin B clearly label an electron-lucent lysosome, whereas large particles for subunit c are localized to the mitochondrial inner membrane ( C). In the deficient mouse, small and large gold particles are colocalized in electron-dense compartments ( F). Scale bars, 0.25 m.
lipofuscin granules induced by leupeptin or chloroquine resemble those seen in CDϪ/Ϫ mouse brains, but the size and texture of the granules are more variable in the latter. The inhibition of cathepsins B and L, major lysosomal cysteine proteinases, by N-CBZ-Lphenylalanyl-L-alanine-diazomethylketone also produces an accumulation of lysosome-related dense bodies in the perikarya of CA1 neurons in cultured hippocampal slices (Bednarski et al., 1997) . However, these structures are largely dense bodies that do not emit autofluorescence, suggesting that they do not contain ceroid lipofuscin. From these lines of evidence it is apparent that genetically or pharmacologically induced accumulation of ceroid lipofuscin in CDϪ/Ϫ neurons is a specific event and does not merely reflect a major block of proteolysis.
The role of CD in proteolysis in neuronal cells has remained elusive. It is known whether the activity and the amount of CD increase in aged brains and some neurodegenerative diseases (Nakamura et al., 1989; Nixon et al., 1992; Ii et al., 1993; Nakanishi et al., 1994; Cataldo and Nixon, 1995) . It has been suggested that it participates in the degradation of various cytoskeletal proteins (Banay-Schwartz et al., 1983 Matus and Green, 1987; Johnson et al., 1991; Ladror et al., 1994; Mercken et al., 1995) . The present study demonstrates that the loss of CD induces the prominent accumulation of ceroid lipofuscin-containing lysosomes, which rapidly proceeded after P17. This strongly suggests that CD plays a critical role in lysosomal proteolysis in CNS neurons after certain postnatal stages. At present, the issue of why the role of CD becomes important after a certain number of postnatal days remains unknown. Considering that CD was distinctly distributed in CNS neurons and peripheral tissue cells of CDϩ/Ϫ mice even at P1 (data not shown), the role of CD may be associated with tissue maturation.
One of the most exciting pieces of data in the present study revealed the accumulation of subunit c of mitochondrial F1F0ATPase in autophagosomes/autolysosomes both in CNS neurons and in the peripheral tissue cells of CDϪ/Ϫ mice. The accumulation of subunit c coincided well with the appearance of autofluorescence in these tissue cells, indicating that the loss of the CD generation induces the systemic accumulation of subunit c/ceroid lipofuscin-containing lysosomes. A number of diseases show an excessive accumulation of subunit c in secondary lipopigments of CNS neurons (Elleder et al., 1997) . Among these diseases, however, only NCLs, a group of progressive hereditary neurodegenerative diseases, also collectively referred to as Batten disease, are known to accumulate subunit c in ceroid lipofuscin not only in CNS neurons but also in peripheral tissue cells. The accumulation of subunit c is most typical in the late onset form of infantile NCLs (Kominami et al., 1992; Elleder et al., 1997) .
In fibroblasts obtained from late infantile NCL (CLN2) patients in whom TPP-I (CLN2p), a pepstatin-insensitive proteinase, is absent, Ezaki et al. (1999) have shown that the degradation of Figure 6 . Biochemical analyses of lysosomal proteinases and storage proteins in CDϪ/Ϫ mouse brains. A, Proteolytic activity of cathepsins B (left) and cathepsin L (right) in brain extracts from cathepsin D-deficient (Ϫ/Ϫ) and control littermate (ϩ/Ϫ) mice at P17, P21, and P23. The cathepsin B activity is significantly increased in knockout mouse brains at P23, compared with that in the control, whereas the differences in the activity are not significant at P17 and P21 between the two groups, respectively. No clear-cut difference is detected in the cathepsin L activity between the Ϫ/Ϫ and ϩ/Ϫ brains on P17, P21, and P23. The activity was expressed as nanomole per minute per milligram of protein (n ϭ 3 in each case). B, Immunoblot analyses of cathepsins B (CB) and L (CL) and subunits c (Sc) and ␤ (S␤) from cathepsin D-deficient (Ϫ/Ϫ) and control littermate (ϩ/Ϫ) mouse brains. Immunoreactive bands for cathepsin B (single chain form) are distinctly augmented in the Ϫ/Ϫ mouse brain at P23, whereas no difference is seen between the two groups at P17. Protein bands immunostained for cathepsin L (single chain form) show similar densities between Ϫ/Ϫ and ϩ/Ϫ mouse brains at P17 and P23. Immunoreactive bands for subunit c are much more increased in the Ϫ/Ϫ mouse brain at P23 than in the ϩ/Ϫ mouse brain, whereas no difference is detected in immunoreactive bands for subunit ␤ between the two groups at both P17 and P23. In B, protein makers are on the left side. In each lane, 20 g of protein was applied. C, Quantification of B. The blotted densities of each protein were measured with a Scanning Imager. D, The activity of TPP-I in CDϪ/Ϫ and control littermate brains at P23. The activity was expressed as nanomole per minute per milligram of protein (n ϭ 3 for each case). E, Immunoblot analysis of TPP-I in CDϪ/Ϫ and control littermate mouse brains at P23. Protein maker is on the left side. F, Quantification of E. G, Immunoblot analysis of subunit c in extracts of liver, kidney, and heart tissues of CDϪ/Ϫ and littermate control mice at P23. H, Quantification of G. The protein amounts applied in E and G and the measurement of protein bands in F and H followed B and C, respectively. The density of each protein band in control brain extracts was estimated as 100%. subunit c is impaired, suggesting that TPP-I plays a critical role in the degradation of subunit c. The participation of additional proteinases in the degradation of subunit c, however, is suggested by the observation that incubation of fibroblasts in the presence of pepstatin, a potent inhibitor of aspartic proteinases, leads to the lysosomal accumulation of subunit c but not of subunit ␤ (Ezaki et al., 1996) . The present study shows that the proteolytic activity and protein levels of TPP-I in CDϪ/Ϫ mouse brains at P23 were significantly increased. The accumulation of subunit c in CDϪ/Ϫ cells despite an increased activity of TPP-I as shown for brain clearly indicates that both TPP-I and CD are critical for degradation of subunit c.
It is well known that ultrastructural features of NCLs in CNS neurons are characterized by the appearance of membrane-bound compartments containing granular osmiophilic deposits, curvilinear bodies, and fingerprint profiles (Elleder et al., 1997) . Ultrastructural features characteristic of NCLs such as granular osmiophilic deposits and fingerprint profiles were also detected in CNS neurons and retinal pigment cells of CDϪ/Ϫ mice. Many neurons in the cerebral cortex, hippocampus, and thalamus of CDϪ/Ϫ mouse brains were eventually engulfed by microglial cells, indicating that they underwent neuronal death. This is consistent with the observation that terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling-positive neurons appear in the CNS of NCLs (Lane et al., 1996) . The retina in infantile NCL shows a loss of photoreceptor cells, a decrease in the inner granular layer, and a deposition of ceroid lipofuscin in ganglion cells (Goebel et al., 1988) . In addition to these changes in retinal layers, the present data that show the deposition of subunit c in retinal layers of CDϪ/Ϫ mice and their behavioral change during light stimulation point toward the blindness of the mice. Thus, clinical symptoms of late infantile NCL partly resembled those of CD deficiency in mice. However, lysosomal bodies with granular osmiophilic deposits and autophagosomes predominated in CDϪ/Ϫ mouse neurons, whereas curvilinear bodies are typical for the morphology of lysosomes appearing in late infantile NCL (Elleder et al., 1997) . Moreover, as stated above, the only accumulated substance in lysosomes of late infantile NCL is subunit c, but the amounts of cathepsin B and TPP-I were also increased in the lysosomes of CDϪ/Ϫ mice in addition to subunit c. These different observations may suggest that CD deficiency leads to a different subgroup of NCLs.
Older CDϪ/Ϫ mice after P20 manifested seizures, a typical clinical feature of NCLs. We therefore examined electrophysiological features of hippocampal neurons using slices. The hippocampal CA1 and CA3 neurons of the CDϪ/Ϫ mice after P18 exhibited spontaneous and synchronized burst properties, which were never observed in the control littermates, whereas the burst activity of the hippocampus was initiated in the CA3 region. Within the hippocampus, which has been implicated as being important in epileptogenesis, the CA3 subfield is especially well known for its pacemaker-like activity (Hablitz and Johnston, 1981) . These electrophysiological results suggest that the pacemaker-like activity of the CA3 region is responsible for generalized seizures in the CDϪ/Ϫ mice, although the precise mechanism for the intrinsic burst property of the CA3 neurons in CDϪ/Ϫ mice remains unclear.
Collectively, the present data from CDϪ/Ϫ mice showing (1) the manifestation of seizures and blindness, (2) the accumulation of subunit c/ceroid lipofuscin-containing lysosomes in CNS neurons and peripheral tissue cells, and (3) the appearance of granular osmiophilic deposits and fingerprint profiles demonstrate that the loss of the CD generation in mice is associated with the phenotype of neuronal ceroid lipofuscinosis.
